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Abstract

We investigatethe dynamicsof small-scalgurbulence-divensheared x B flows in nonlineargyrofluid
simulations. The importanceof thesezonal flows in the regulation of the turbulencewas showvn in our
earlysimulations 3 andhasbeenwidely confirmed.Most of theseflows experienceastcollisionlesdinear
damping butthereis aresidualnon-Maxwelliancomponenbf theflow whichis undampedi andscaleswith
r/R. In ouroriginal treatmentwe includedcollisionlessdampingtermswhich capturethefastcollisionless
dampingof the dampedcomponentsbut which do not accommodaté¢he linearly undampedomponents.
Here,we modify thegyrofluid closuredo accounfor Pfirsch-Schiliter heatflows. This modificationallows
alinearlyundampeaomponentftheE x B flows,andherewe begin to assesfis importancen nonlinear
simulations. Our preliminaryresultsindicatevery nearmaiginal stability zero-flux statescan exist where
the undampedzonalflows completelydampthe turbulence,asshovn in Ref. 5. But away from maiginal
stability, we find thatretainingthe undampedomponenbf the flow hasvery little effect.



DRAFT August29,1998 2
. Introduction

The dynamicsof small-scalefluctuation-drivenflows are of greatinterestfor micro-instability driven
turbulence sincenonlinearsimulationsof coretokamakturbulencé =" have shovn thattheseflows play
animportantrolein theregulationof theturbulenceandtransportevels. Earliersimulationsof resistveedge
turbulencealsofoundthatturbulence-generatefibws areimportant '° (seealsothe discussiorin Ref. 1).
Thesé'zonalflows” areconstanbn aflux surfacewith radialvariationsonthescaleof theturbulence(afew
gyroradii) andhencehave alsobeencalled“radial modes. The zonalflows arenonlinearlydriven by the
turbulenceandin turn suppressheturbulencethroughradial shearingof eddies! Thus,a propertreatment
of the zonalflows hasbeenof concernfor sometime, andin particular the dampingof thesepoloidal
flows is a sensitize control of the transportievels. The gyrofluid dampingof theseflows wasshaowvn to be
accuratdor timesshorterthanabouncetime? Sincethe decorrelatiortimesof theturbulencearegenerally
shorterthana bouncetime, our original hypothesisvasthatthis descriptionwasadequate Recentwork*
haspointedout possibleproblemswith this hypothesisemphasizinghe existenceof a linearly undamped
componenbf theflow which couldbuild upin time andlower thefinal turbulencelevel.

The existenceof linear collisionlesspoloidal flow dampingis sensitve to initial conditions. If the dis-
tribution functionat¢ = 0 is Maxwellian,asseemdikely for E x B nonlinearlydrivenflows, mostof the
flow dampsaway (dueto collisionlessLandaudamping)at a rate ~ v;/qR. The residualflow correctly
calculatedn Ref. 4 is anon-Maxwelliancomponenbf theflow whichis not collisionlessy dampedin our
original gyrofluid treatmenf, we includedcollisionlessdampingtermswhich wereappropriatgandessen-
tial) to capturethe fast collisionlessdampingof the dampedcomponentsbut which do not accommodate
the linearly undamped:omponentsWhile gyrofluid and gyrokineticresultsagreeon the initial collision-
lessdamping,the original closure$? usedin the gyrofluid equationdgail to describethe residualnon-zero
potentialat timeslongerthanseseralbouncetimes.

Althoughthis residualcomponenbf the flow is undampedinearly, it canstill be dampednonlinearly

by the turbulenceitself, i.e., by turbulentviscosity Thusthe nonlineardrive of the poloidal flows can,at
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leastin somecasesbe balancedy the nonlineardampingof theseflows anda steadystatebalancecanbe
reached.

In this paper we extend our gyrofluid equationgo include this undampedcomponeniof the flow by
modifying the closureapproximationgor the zonalcomponents.Then, we testthe nonlinearimportance
this residualflow by comparingnonlinearsimulationswith andwithout the undampedesidualcomponent.
We find thatfor stronglyturbulentcasesthe undampedomponenbf theflow is nonlinearlydampedand
haslittle impactontheturbulencelevels. Very nearmaiginal stability, however, we find thatthe systenmay
bifurcateinto astatewith all flow andnoturbulence(andhenceno turbulentviscosityto damptheflows),as
seenin Ref.5. It is possiblethatthis stateis anartifactdueto our purelycollisionlessapproximatiorand/or

the simulationinitial conditions.

[I. Linear Zonal Flow Damping

In this sectionwe presenta brief outline of the derivation of modificationsto our gyrofluid closures
which retainthe undampedesidualflow componentThe collisionlesszonalflow evolutionis governedby

thelinearizedtoroidal electrostatigyrokineticequation:

0 - _ - - A

ot v,
where f (v, ) is the perturbeddistribution function andv is the combinedV B andcurvaturedrift. For

thezonalflows,wherevy - V Fy = 0, changingvariablesto f(F, 1), thisbecomes:

2_{ + 0,V f +iwaf 4 i(eFo/T)ws® = 0. 2

If weinitialize aMaxwellianperturbatiorin f thatis initially constantlongafield line but hasanexp(ik,.r)
radialvariationthenfor timesshorterthanabouncetime theiw; = vq -V = i(k.p;/v¢R) (v} 4+ v% /2) sin 8
termsintroducevariationsin  (along the field line) which are then phasemixed away by parallel free
streaming After afew bouncedimesthis phasamixing stops(thetrappedoarticlesdon’t keepphaseamixing),

and an equilibrium is reachedwhereparallel variationsin f balancethe variationsinducedby the cross
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field drifts, analogouso the equilibrium Pfirsch-Schiliter flows. RosenbluttandHinton* shoved thatthis
equilibriumcouldbewritten:

qBgv

f = —(e®/T)Fo+ h(E, p)e™ " e @)

whereh(F, ) is anarbitraryfunction but is constrainedo satisfy% = 0, ande = r/R. In thenotation

for the circular modelwe areusing here,krp@ is constanton a flux surface while B andv (atfixed £

€UVt
andy) introducevariationsin f alongthefield line. This prevents f from beinga simple Maxwellianthat

is constanbn afield line, andit is this equilibrium solutionthat we would like to recorer. We canexpand

this for smallbananawidth:

qBov
. 4

f=—(ed/T)Fo+ h(E, p)[1 - tk.p
andintegrateto find the equilibrium moments.Thereis somefreedomin the choiceof A, but generallywe
seethatthew;, momentis supportedy theradialgradientof the perturbedpressure (i.e.,theusualbalance
thatleadsto the Pfirsch-Schiliter particleflow), p is supportedy radial gradientsof heatflux momentsy, ¢
is supportedoy gradientsof 4th momentgthe analogoudalancefor the Pfirsch-Schiter heatflow), etc....
In our original closuré? we closedhigher momentsto retain collisionlessLandaudamping,but in such
a way that the perturbedmomentsrelaxed to be constantalonga field-line, thus missingthesek, ppanana
corrections.Now we choseclosuresvhich dampto the above collisionlessequilibriumthatincludessome
parallelvariation.We canaccomplistthis by thefollowing modificationsto the equationsn Ref. 12:

V2D |kylgy = V2D lky| (g — qﬁo)) in Eq. (91)
V2D [kylgs = V2D 1|kl (g, — ¢”) inEq. (92)

WherethePfirsch-SchhterequiIibriumheatﬂowsareqﬁo) = 3ik,p; 20T, andq\") = ik, p; 22T, for abi-

Maxwellianf. Notethatthesemodificationspresere thefastlinearcollisionlessdampingcomingfrom the
|k | terms,but now dampto a non-zercequilibriumsolution. Further to supportthis ql(lo) andq(f), we must
closetheiwy(r), + ry,.) andiwg(r,. + r.,.) termsin thepressureequationsn amannemwhich preseres

this equilibrium. We are presentlyinvestigatingvariousforms of theseclosures,but for the simulations
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presentedn this paper we choserv; = (0,-3) v = (0,1), »3 = (0,0), v4 = (0,—3/2). Consistent
with a smallbananawidth limit we droppedall othertoroidal phasemixing closureterms(vs — v = 0).
Importantly becauseur flux-tube simulationis spectralin the perpendiculadirections!® it was easyto
implementthesemodified closuresjust for the evolution equationsfor the n = 0 zonal flows without

changingthe equationgor then # 0 components.

I I I ‘
L GKP ]
new GI closure

,,,,,,,,,,,,,,, old GF closure |

time (qR/v,)

Figurel: Linearflow dampingcomparisorof theflux surfaceaveragedt x B flow, (vg), vs. time,shaving
reasonableagreemenbetweengyrokinetic particle simulation(GKP) andthe new gyrofluid (GF) closure
which retainsthe undampedesidualcomponent.Also shown is the previous gyrofluid closurewhich ad-
mittedno undampedtomponent.

We now compareour linear zonalflow dampingwith fully kinetic results.Figurel shavsacomparison
betweenthe modified closuredescribedabove, our previous results,and resultsfrom Z. Lin’s gyrokinetic
particle simulation(reportedin Ref. 14). The parameterdor this comparisoncorrespondo DIII-D shot

81499: ¢ = 1.4, ¢ = 0.18, aswill beusedfor the nonlinearresultsshovn below. Also, for this mode
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k-p; = 0.2. While our previous closuresdid not supportthe undampedcomponenbf the flow, our new
closureagreesquite well with the kinetic results,and reasonablywell with the predictionfrom Ref. 4,
vi/vi = ev/e/q* /(1 + ev/e/q*), wheree = 0.625. Theagreements not asgoodat lower k,.p;, andwe are
presentlyinvestigatingfurther modificationsto the closureswhich may improve the comparison However
k.p; ~ 0.2 is the region which contributesmostto the effective shearingrate relevantto the turbulence.
Furthermorethe existenceof this undampedomponengllows usto testits importancen fully nonlinear

simulations.

[11.  Nonlinear Tests of the Importance of the Undamped Flow Component

We now comparetwo nonlinearsimulations,one usingthe old closuresfor the zonalflows, andone
usingthe new closurewhich retainsthe undampedesidualcomponent.Again, only the dynamicsof the
zonalflows arechangedall othermodesobey the sameequationgn both simulations.The otherrelevant
parametergor shot81499are: ,,./R = 0.45, R/Lt; = 6.9, § = 0.78, andwe furtherassumel’; = T,
circulargeometryandneglectimpurities. This is the casefor which our gyrofluid y; is higherthanDimits’
gyrokineticparticle(GKP) simulations by afactorof 3. As shawvn in Figure2, includingthe residualflow
componentoweredour y; by at most15%, clearly not enoughto accountfor the full discrepang between
the gyrofluid and GKP simulations.At theseparametersthe turbulenceis strongenoughthatdampingby
nonlinearviscositykeepshe undampedomponent®f the zonalflows from growing to largeamplitudes.

Wenow look atacasenearmaiginal stability, with all parameterthesameasin Fig. 2, but with aweaker
ion temperaturgradient,R/Lr; = 4. In Fig. 3(a) we shav therun with the old closureswith no residual
flow component.In this casethe turbulenceexhibits an intermittentbehaior wherea burst of turbulence
(x;) drivesaburstof zonalflows ((®) ras s is the volumeaveragedzonalpotential),which thensuppresses
theturbulence. Thentheflow is dampedandeventuallytheturbulencecangrow againandrepeathecycle.
It is interestingto notethe similarity with Mazzucatas fluctuationmeasurements in ERSplasmasyhich
arevery likely nearmaginal stability (whenequilibriumflows areincluded).

In Fig. 3(b) we repeatthe R/ Lr; = 4 runwith the new closureswhich retainthe linearly undamped
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Figure2: Comparisorof y; time historiesfor two nonlinearruns,with the old closureandnew closure.In
this strongturbulenceregime (parametersakenfrom DIlI-D shot81499),retainingthe linearly undamped
componenbf theflow doesnotsignificantlyreduceheturbulencejndicatingthatnonlineardamping(turbu-
lentviscosity)keepghelinearlyundampedomponentsf thezonalflowsfrom growing to largeamplitudes.

residualflow componentin this caseheturbulenceagaindrivesaburstof flow, whichdampgheturbulence.
But now this flow is linearly undampedandoncethe turbulencediesaway, thereis no nonlinearviscosity
to damptheresidualflow, unlike thecasen Fig. 2, above. Thesystemis thenstuckin thisall flow, zeroflux

stateforever. This zeroflux above but nearmaiginal stability, or nonlinearupshiftin the critical gradient,
wasfirst seenin Ref. 5. It seemgpossiblethat this stateis an artifact dueto the purely collisionlesslimit

and/orthe simulationinitial conditions. Perhapsdf this run were initialized with a larger amplitudeand
broaderspectrumof modesthe flow would not be as strongly driven at the peakin y;. Oncea linearly
undampedzonalflow is permitted,nonlinearsimulationscanbe dependenbn initial conditions,sincean
arbitrarily large flow could beinitialized which dampsall othermodesthusa zeroflux stateis possibleat

ary R/Lr;. The collisionalflow dampingtime !¢ 759 = ¢/(1.5v;;), correspondindo theseparameterss
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Figure 3: Nonlinearrunscloseto mamginal stability, onewith the old closureandno residualcomponent
(a), andonewith the new closureretainingthe residualflow componenib). With the old closure(a), the
turbulencedrivesflow which thenquencheshe turbulenceuntil the flow is dampedaway, afterwhich the
turbulencegrows again,leadingto a bursty behavior. With the new closure(b), the undampedomponent
of theflow keepsthe turbulencesuppressetbr the durationof therun. Also notedin (b) is the collisional
dampingtimefor thezonalflows (notincludedin thesecollisionlesssimulations) If included thisrunmight
exhibit the burstybehaior shavnin (a).
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alsoshown in Fig. 3(b), andif collisionswereincluded,perhapsa turbulent steadystateor a bursty state
with periodon the orderof myg would be reached.In ary event, the inclusion of a realistic collisionality

would changerig. 3(b).
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Figure4: Comparisorof gyrokineticand gyrofluid nonlinearresultsase = r/R is varied (with the old
GF closures).Sincetheresidualflow componenis proportionalto ¢, if the residualflow componentvere
responsibldor the differencein thetwo predictionsthe resultswould corvege ate = 0. Thefactthatthe
differenceis independenbf ¢ impliesthatfor theseparametersturbulentviscosityis sufficiently damping
theresidualflow components.

Before theserecentmodificationsof the gyrofluid closureswe earlierdid a differenttestof whether
or not the residualflows canaccountfor the differencebetweenGF and GKP simulations,by comparing
GF simulationswithout residualflows to GKP simulationswith residualflowsin ane scan.Thesizeof the
residualundampedlow scaleswith /c.* Figure4 comparesGF and GKP simulations varyinge, shaving
similar scalingswith ¢, at leastfor theseparametersywhich arenot nearmaginal stability. If theresidual
flow componentsvereresponsibldor thesedifferencespnewould expectthe GF andGKP y; to corvemge

ase — 0 andtheresidualcomponentsreremored. Thisagainsuggestshatnonlineardampingof thezonal
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flows s providing a sufficient sink.

V. Conclusions

We have extendedour previous gyrofluid equation$? to modelthe undampedesidualcomponenbf
the zonalflows emphasizedn Ref. 4. Our preliminaryresultsindicatethat for parametergorresponding
to DIlI-D shot81499,including the residualcomponenbnly loweredour predictedy; by 15%. Closerto
maiginal stability, we find thatincluding the residualflows allows the systemto bifurcateinto a statewith
all flow andzeroflux, confirmingthe nonlinearupshiftin thecritical gradient? but alsoisolatingthe zonal
flows asthe mechanismFuturework is neededo investigatehe effectsof collisionsandsimulationinitial
conditionson theresultsnearmawginal stability.

Therearesereralpossiblereasondgor thedifferenceseerbetweergyrofluid andgyrokineticturbulence
simulations.We planto investigatefrequeng-dependentlosuressuggestedby N. Mattor andmethodsto
improve resolution(as suggestedy A. Dimits or with larger parallel computers). Alternatively, even a
weakamountof collisionscansignificantlyaffect nonlinearkinetic calculationsn somecasesFinally, the
additionof trappedelectronsand/orcollisionscanleadto strongerturbulenceregimeswherethe gyrofluid

andgyrokineticsimulationsmay agreebetter
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